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Introduction: Lactic fermentation products (LFPs) are thought to affect “good” bacteria in the gut. 2 
We previously reported that oral administration of LFPs has beneficial therapeutic effects in a mouse 3 
model of atopic dermatitis. However, it is unclear how LFPs affect human epidermal cell 4 
differentiation, ceramide and amino acid production. 5 
Objective: The aim of this study was to determine the effects of LFPs on epidermal cell differentiation, 6 
by assessing amino acid and ceramide production. 7 
Methods: A three-dimensional cultured human epidermis model and normal human epidermal 8 
keratinocytes were used. Cytotoxicity tests were performed using alamar Blue. Transepidermal water 9 
loss (TEWL) was used as an index to assess barrier function. Keratin 1 (K1), keratin 5 (K5), keratin 10 10 
(K10), involucrin (INV), calpain 1, and transglutaminase (TGase) (markers of differentiation) and 11 
profilaggrin (proFLG) and bleomycin hydrolase (BH) (amino acid synthesis–related genes) expression 12 
levels were quantified by RT-PCR. In addition, TGase protein levels were measured by western 13 
blotting. The intercellular lipid content of the stratum corneum was measured by high performance 14 
thin layer chromatography (HPTLC). Amino acids were quantified using an amino acid analyzer. 15 
Finally, bound water content in the stratum corneum was measured by differential scanning 16 
calorimetry (DSC). 17 
Results: Cell viability did not change, but TEWL was significantly decreased in the cells treated with 18 
LFPs compared with the control cells. Treatment with LFPs significantly increased expression of the 19 
late differentiation markers INV and TGase at the RNA level. Furthermore, TGase protein expression 20 
was significantly increased by treatment with LFPs. Treating a three-dimensional cultured epidermis 21 
model with LFPs significantly increased the intercellular lipid content of the stratum corneum and 22 
production of the amino acid Arg. The amount of bound water in the stratum corneum was increased 23 
significantly in the LFP application group. 24 
Conclusion: Treatment with LFPs promotes human epidermal cell differentiation and increases the 25 
intercellular content of the free fatty acid, Chol, Cer [NS], Cer [AS], and Cer [AP]. This may result in 26 
improved skin barrier function. The increased amount of Arg observed in keratinocytes may help 27 





Intercellular lipids in the stratum corneum are generated in the stratum granulosum and accumulate 31 
in lamellar granules [1]. These lipids are important for maintaining skin barrier function [2, 3]. 32 
Ceramide (Cer) accounts for 50% of the intercellular lipids in the stratum corneum and is important 33 
for water retention within this epidermal layer [4]. Amino acid production and Cer production, which 34 
are closely related to differentiation, are important for moisturizing the epidermis. Normal cell 35 
differentiation helps maintain skin barrier and moisturizing functions. Epidermal moisture is 36 
maintained in part by stratum corneum lipids, sebum film, and natural moisturizing factor (NMF) [5-37 
8], which is composed of amino acids and their derivatives [9]. In the epidermis, epidermal 38 
keratinocytes originate in the basal layer and undergo changes in their morphology as they migrate 39 
to the epidermal surface in a process known as differentiation. The epidermis contains four distinct 40 
layers formed by keratinocytes at different stages of differentiation: the stratum corneum, the 41 
granular layer, the spiny layer, and the basal layer. Epidermal NMF and amino acids are 42 
biosynthesized as follows. ProFLG, which is typically contained in keratohyalin granules, is extruded 43 
into the stratum corneum during differentiation [10]. The proFLG is converted to filaggrin monomers 44 
via dephosphorylation and processing, which is then metabolized by bleomycin hydrolase [11]. 45 
Recently, it has been published on the relationship between stratum corneum lipid loss and drying 46 
rates [12], ceramide and filaggrin biosynthesis [13], and filaggrin and NMF [14]. 47 
Intestinal flora are important for human health [15]. More than 100 species and 100 trillion bacteria 48 
make up the intestinal flora in the large intestine [16]. It is generally known that intestinal bacteria 49 
comprise both “good” bacteria and “bad” bacteria, as well as opportunistic bacteria that do not 50 
belong to either category [17, 18]. A balanced microbiome is important for good health [19], and 51 
improving the intestinal environment can improve the condition of the skin [20, 21]. Bifidobacteria 52 
and lactic acid bacteria are representative examples of good gut bacteria. Lactic acid bacteria help 53 
suppress the growth of bad bacteria such as Escherichia coli in the intestine, thereby balancing the 54 
intestinal bacterial population. However, lactic acid bacteria are typically acquired by ingestion, and 55 
are different from intestinal bacteria, so they can struggle to grow in and colonize the intestine. In 56 
this study, we focused on lactic fermentation products (LFPs). LFPs do not act on the intestinal flora; 57 
rather, they act directly on the body to promote a balanced intestinal flora population.  58 
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Previously, we reported that oral administration of LFPs to a mouse model of atopic dermatitis 59 
improves the water content of stratum corneum, reduced transepidermal water loss (TEWL), and 60 
decreased epidermal thickness [22]. However, the effects of LFPs on human epidermal cell 61 
differentiation and Cer production have not yet been investigated. 62 
In this study, we focused on the effects of LFP on epidermal cell differentiation. Epidermal 63 
keratinocytes and a three-dimensional cultured human epidermis model were treated with LFPs, and 64 
the expression levels of genes and proteins related to differentiation and NMF were measured. In 65 
addition, the effects of LFPs on amino acid, Cer production during differentiation and bound water 66 
contents in stratum corneum were also assessed. The overall goal of this study was to clarify the 67 




Palmitic acid, cholesterol, and Amino Acids Mixture Standard Solution, Type H were purchased from 72 
Fujifilm Wako Pure Chemical Industries, Ltd. (Osaka, Japan). RNAiso Plus, TB Green Premix EX Taq (Tli 73 
RNAaseH Plus), and PrimeScript RT Reagent Kit were purchased from Takara Bio, Inc. (Kusatsu, Shiga, 74 
Japan). Cer [NS] and Cer [AS] were obtained from Matreya (Pleasant Gap, PA, USA). Cer [NP] and Cer 75 
[AP] were purchased from Evonik (Relinghauser, Essen, Germany). alamar Blue was purchased from 76 
Invitrogen, Inc. (Carlsbad, CA, USA). The anti-TGase antibody (12912-3-AP) was purchased from 77 
Proteintech, Inc. (Chicago, IL, USA). β-actin (13E5) was purchased from Cell Signaling Technology, Inc. 78 
(Danvers, MA, USA). The donkey anti-rabbit IgG HRP-labeled secondary antibody was purchased from 79 
GE Healthcare, Inc. (Chalfont, UK). Other reagents were of analytical grade and used without further 80 
purification. 81 
 82 
Preparation of lactic fermentation products (LFPs) 83 
LFPs were prepared by the Koei Science Laboratory Co., Ltd. (Wako, Saitama, Japan); a detailed 84 
description can be found in a previous report [22]. Briefly, inoculated with 35 strains of 16 species of 85 
lactic acid bacteria were added to soymilk, which was then fermented at 37 °C for 120 hours and 86 
sterilized. Next, the solution was centrifuged at 12,000 × g at 4 °C for 15 minutes (in a tabletop micro-87 




Cell culture 90 
Normal human epidermal keratinocytes (NHEK, Thermo Fisher Scientific K. K., Waltham, MA, USA) 91 
were cultured in HuMedia-KG2 (KURABO Industries Ltd, Osaka, Japan) at 37 °C with 5% CO2. LFPs 92 
were added to the medium at various concentrations (0.01, 0.1, 1% (v/v)), and the cells were 93 
cultured for 24, 48, and 72 hours. The medium was changed daily. 94 
Three-dimensional cultured human epidermis models (LabCyte EPI-MODEL 6D) were purchased from 95 
Japan Tissue Engineering Co., Ltd. (Gamagori, Aichi, Japan). LFPs were added to the supplied medium 96 
at various concentrations (0.01, 0.1, 1.0%  (v/v)), and the models were cultured for 7 days. The 97 
medium was changed daily. 98 
 99 
Cell viability 100 
The three-dimensional cultured human epidermis models were cultured for 7 days in medium 101 
containing various concentrations of LFPs. To measure cell viability, an alamar Blue solution diluted 102 
10-fold with the medium was added to the culture medium, the model was re-incubated for 3 hours, 103 
and the fluorescence intensity (Ex: 570 nm /Em: 585 nm) was measured using a microplate reader 104 
(SpectraMax M2e, Molecular Devices, Sunnyvale, CA, USA). 105 
 106 
Measurement of transepidermal water loss (TEWL) and conductance of cultured human epidermis 107 
The three-dimensional cultured human epidermis models were allowed to keep on a clean laboratory 108 
bench at room temperature for 45 minutes [23-25]. TEWL was measured using a VAPOSCAN AS-109 
VT100RS (Asch Japan Co., LTD, Tokyo, Japan). Conductance was measured using an ASA-MX100 (Asch 110 
Japan Co., LTD) 111 
 112 
RNA extraction and quantitative real time polymerase chain reaction (qRT-PCR) 113 
Total RNA was extracted from NHEK cells and the three-dimensional cultured human epidermis 114 
models using RNAiso Plus (Takara Bio). The reverse transcription reaction solution was prepared 115 
using a PrimeScript RT Reagent Kit (Takara Bio, Kusatsu, Shiga, Japan), and the reverse transcription 116 
reaction was performed using a thermal cycler (Veriti 96-well Thermal Cycler, Applied Biosystems, 117 
Foster City, CA, USA). Then, cDNA was prepared. Real time PCR was performed using TB Green 118 
Premix EX Taq (Tli RNaseH Plus, Takara Bio). The following primer sets were used: Gapdh forward 5’- 119 
GAAGGTGAAGGTCGGAGT -3’, Gapdh reverse 5’- GAAGATGGTGATGGGATTTC -3’, K1 forward 5’-120 
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CACTTATTCCGGAGTAACCAG -3’, K1 reverse 5’- GAATAGGATGAGCTAGTGTAA -3’, K5 forward 5’- 121 
GAGCTGAGAAACATGCAGGA -3’, K5 reverse 5’- TCTCAGCAGTGGTACGCTTG -3’, K10 forward 5’- 122 
CCATCGATGACCTTAAAAATCAG -3’, K10 reverse 5’- GCAGAGCTACCTCATTCTCATACTT -3’, INV forward 123 
5’- CGCCAAATCCGCACCAAGGTC -3’, INV reverse 5’- GAAGCAGGGTCCAGCTGTGAA -3’, TGase forward 124 
5’- TCTGTAACCCAGAGCCTTCGA -3’, TGase reverse 5’- TCTTCAAGAACCCCCTTCCC -3’, CAPN1 Forward 125 
5’- TCTGTAACCCAGAGCCTTCGA -3’, CAPN1 reverse 5’- TCTGTAACCCAGAGCCTTCGA -3’, BH forward 126 
5’- GTACTTGTGCTGGGGCCTAG -3’, BH reverse 5’- TGGCCCCATAACACCCTTGG -3’, proFLG forward 5’- 127 
CCATCATGGATCTGCGTGG -3’, proFLG reverse 5’- CACGAGAGGAAGTCTCTGCGT -3’. The reactions 128 
were performed using a Step One Plus ™ Real Time System (Applied Biosystems). The results were 129 
normalized to GAPDH and analyzed using the ΔΔCt method.  130 
 131 
Quantification of TGase1 protein by western blotting 132 
After separating the proteins by SDS-PAGE, the gel was inserted into a membrane kit (Trans-Blot 133 
Turbo Transfer Pack, BIO-RAD) and transferred using a transfer device (Trans-Blot Turbo System, BIO-134 
RAD). After transfer, the membrane was treated with a blocking buffer, then treated with the a 135 
TGase1 antibody (Proteintech Group, Chicago, IL, USA, b-actin (13E5) Rabbit mAb; Cell Signaling 136 
Technology Inc., Danvers, MA, USA) for 24 hours. After the primary antibody reaction, the membrane 137 
was washed with TBS-T (1% Tween-20, 0.13 M NaCl, 2.0 mM Tris-HCl), and the secondary antibody 138 
(ECL Anti-Rabbit IgG, Horseradish Peroxidase linked whole antibody from Donkey (GE Healthcare, 139 
Inc.) was added and allowed to react with the membrane for 1 hour. After the secondary antibody 140 
reaction, the membrane was washed with TBS-T, and the protein bands were detected using a 141 
detection reagent (ECL Prime western blotting detection, BIO-RAD). The images were analyzed with 142 
Image Lab ™ Software (BIO-RAD). 143 
 144 
Lipid extraction 145 
The three-dimensional cultured human epidermis models were collected from the transwell, and a 146 
chloroform:methanol solution (2:1, v/v) was added. The solution was sonicated for 10 minutes using 147 
a Sonifire 250 Advanced sonicator (Branson, CT, USA) under the following conditions: output control: 148 
3, duty cycle: 100%. The solution was filtered through a filter (SLG033NB, Merck Milipore Ltd, 149 
Billerica, MO, USA), the organic solvent was removed under nitrogen gas, and the solution was 150 




Separation and quantification of lipids by high-performance thin-layer chromatography 153 
The extracted lipid solution (10 µL) was spotted to HPTLC Silica gel 60 (Merck KGaA, Darmstadt, 154 
Germany) using a capillary pipette (Ringcaps, Hirschmann, Eberstadt, Germany). The samples were 155 
developed twice: for Cer, using chloroform:methanol:acetic acid (190:9:1, v/v) [4, 26]; for free fatty 156 
acid and Chol, hexane:diethyl ether:acetic acid (80:20:1, v/v) [27, 28]. The HPTLC plate was dried and 157 
sprayed with a staining solution (10% copper sulfate/8% phosphoric acid reagent). The lipids were 158 
visualized by heating on a hot plate (TLC Plate Heater, Camag, Muttenz, Switzerland) at 180 °C for 10 159 
minutes. The obtained bands were photographed with ChemiDoc (BIO-RAD) and quantified using 160 
Image Lab Software (BIO-RAD). The quantitative value was calculated from a calibration curve for 161 
each lipid obtained from the same plate. 162 
 163 
Determination of the amino acid content of the three-dimensional cultured human epidermis models 164 
The three-dimensional cultured human epidermis models were collected from the transwell and 165 
minced with scissors in PBS (-). An equal amount of 5-sulfosalicylic acid dihydrate solution was added, 166 
and the mixture was centrifuged for 15 minutes. The amino acid content of the supernatant was 167 
quantified using a JLC-500/V (JEOL Ltd., Tokyo, Japan). Amino acid analysis was performed with the 168 
ninhydrin reagent set on an automated amino acid analyzer dedicated to reagent/biological amino 169 
acid analysis. Five lithium citrate buffers (P-21, pH 2.98; P-12, pH 3.28; P-13, pH 3.46; P-14, pH 2.83; 170 
P-15, pH 3.65) and a lithium hydroxide aqueous solution (P-19) were used. An LCR-7 (4.0 × 75 mm, 171 
JEOL Ltd) column was used as the pre-column, an LCR-6 (4.0 × 120 mm, JEOL Ltd) column was used as 172 
the separation column, and the flow rate was 0.43 mL/min. The absorbance of each peak was 173 
measured at 570 and 440 nm. For the amino acid standard solution, a calibration curve was prepared 174 
using Amino Acids Mixture Standard Solution (concentration range= 0.01 to 0.1 µmol/mL), Type H 175 
(Fujifilm Wako Pure Chemical Industries, Ltd., Osaka, Japan), and the amino acid content was 176 
corrected for the weight of the epidermis. 177 
 178 
Isolation of the stratum corneum 179 
Three-dimensional cultured skin (LabCyte Epimodel 6D, Japan Tissue Engineering Co., Ltd.) was 180 
soaked in a 0.25% trypsin/EDTA solution overnight at 4 °C and the stratum corneum was removed. 181 
The stratum corneum was washed with Milli-Q water, decompressed to 100 hPa in a vacuum 182 
desiccator, dried until there was no weight loss (4 days), and then placed in a container with a 183 
saturated potassium sulphate solution (98% relative humidity) until there was no weight gain (6 days). 184 
8 
 
The moisture-absorbed stratum corneum was placed in an aluminum pan, weighed, fitted, weighed 185 
again, and stored overnight in the container to eliminate the effect of moisture desorption from the 186 
DSC measurement. 187 
 188 
Differential scanning calorimetry (DSC) 189 
The instrument was a DSC 7020 (Hitachi High-Tech Corp., Tokyo, Japan). DSC measurement was 190 
performed as follows. The temperature was lowered from room temperature to -40 °C at -5 °C/min, 191 
maintained for 10 min, and then raised to 180 °C at 5 °C/min.  192 
 193 
Analysis and calculation of bound water 194 
The analysis was based on a previous report [29, 30]. Endothermic peaks detected around 0 °C 195 
corresponded to the melting of free water. The measured endothermic peak area was divided by 196 
334.6 J/g to obtain free water. Bound water was determined from the weight of the stratum 197 
corneum before DSC to the difference in weight of the stratum corneum after DSC and then from the 198 
difference in the weight of free water. Bound water in the stratum corneum was calculated as the 199 
percentage of the weight of the stratum corneum. 200 
 201 
Data analysis 202 
All results are shown as mean and standard deviation. Statistical analysis was performed by 203 
Dunnett's multiple comparison test using JMP Pro 14 (SAS Institute, Cary, NC, USA). 204 
 205 
Results 206 
Evaluation of the effects of LFP on cell viability and epidermal barrier function 207 
Three-dimensional cultured human epidermis was cultured in medium containing various 208 
concentrations of LFPs (0, 0.01, 0.1, 1.0%) for 7 days, and cell viability was evaluated using alamar 209 
Blue. There was no difference in cell viability between the tissues that were treated with LFPs and 210 
the control tissue (Fig. 1a). Next, the effect of LFPs on epidermal barrier function was evaluated by 211 
measuring the TEWL (Fig. 1b). The TEWL was significantly decreased in tissue treated with 1% LFPs 212 
compared with the control tissue (p < 0.05). Conductance increased in an LFP concentration-213 




Effect of LFP on the expression of differentiation- and amino acid production–related genes in three-216 
dimensional cultured human epidermis 217 
The expression of K1, K10, K5, INV, TGase, and CAPN1 in the epidermis were measured by real time 218 
PCR. Treatment with LFPs decreased expression of the early differentiation markers K1 and K10 219 
compared with the control tissue, while expression of the undifferentiated marker K5 did not change. 220 
The expression of the late differentiation markers INV and TGase increased with increasing LFP 221 
concentration, and was significantly higher in the tissue treated with 1.0% LFP compared with the 222 
control tissue (p < 0.05). The expression of CAPN1, an amino acid production–related gene, was 223 
significantly increased in the tissue treated with 1.0% LFP with the control tissue (Fig. 2a, p < 0.05). 224 
 225 
Effect of LFPs on amino acid production-related gene expression in normal human epidermal 226 
keratinocytes 227 
The proFLG and BH gene expression levels were measured by real time PCR. ProFLG expression was 228 
significantly higher in cells that had been treated with LFP for 72 hours compared with the control 229 
cells (Fig. 2b, p < 0.05). 230 
 231 
Effect of LFPs on epidermal differentiation-related protein expression in three-dimensional cultured 232 
human epidermis 233 
The level of TGase expression was determined by western blotting. TGase expression was 234 
significantly higher in the tissue treated with 1.0% LFP compared with the control tissue (Fig. 3, p < 235 
0.05). 236 
 237 
Effect of LFPs on lipid content in three-dimensional cultured human epidermis 238 
Free fatty acid content was significantly increased in the tissues treated with 0.1% or 1.0% LFPs, and 239 
the cholesterol content was significantly higher in the tissue treated with 1.0% LFPs. Furthermore, 240 
Cer [NS], Cer [AS], and Cer [AP] contents were significantly higher in the tissue treated with 1.0% LFPs 241 
(Fig. 4 and 5). 242 
 243 
Effect of LFPs on amino acid content in three-dimensional cultured human epidermis 244 
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The serine (Ser), glycine (Gly), and alanine (Ala) contents did not change compared with the control 245 
group. In contrast, the histidine (His) content of the tissue treated with 0.01% LFPs was significantly 246 
higher, and the arginine (Arg) content increased significantly in an LFP concentration–dependent 247 
manner (Fig. 6). 248 
 249 
Effect of LFPs on the bound water content in the stratum corneum of three-dimensional cultured skin 250 
The bound water content in the stratum corneum of three-dimensional cultured skin was increased 251 
with the concentration of LFPs. In particular, the bound water content was increased significantly in 252 
the 1% LFP application group compared with the control group (Fig. 7). 253 
 254 
Discussion/Conclusion	255 
This study showed that LFPs affect epidermal cell differentiation and are involved in Cer and amino 256 
acid production. Our results also confirmed that LFPs are not cytotoxic, as the three-dimensional 257 
cultured human epidermis treated with 0.01 to 1.0% LFPs exhibited no signs of cytotoxicity.  258 
Three-dimensional cultured human epidermis was cultured in medium containing LFP, and the 259 
expression levels of differentiation-related genes and proteins were measured. The stratum corneum 260 
is formed by the proliferation and differentiation of epidermal keratinocytes [31, 32]. In the 261 
epidermis, K5 is expressed in the basal layer [33]. As cells enter their differentiation program, the 262 
transcription of these keratins is diminished and the pro-differentiation markers K1 and K10 are 263 
expressed in the spinous layer [34], and the differentiated granule layer expresses the late-264 
differentiation markers INV and loricrin (LOR) [35, 36]. Late differentiation involves TGase expression 265 
and activation, and is essential for the formation of the corneocytes and cornified envelope in the 266 
stratum corneum. A balance between epidermal keratinocyte proliferation and differentiation is 267 
essential for maintaining the integrity of the skin barrier and preventing skin disease [31, 35, 37]. 268 
Treating cells with LFPs decreased the expression of K1 and K10 compared with the control group. In 269 
contrast, the K5 gene expression level did not change. INV and TGase gene expression levels 270 
increased in a concentration-dependent manner, and were significantly higher in cells treated with 271 
1.0% LFPs (p < 0.05). In addition, CAPN1 expression was significantly higher in cells treated with 1.0% 272 
LFP (p < 0.05) (Fig. 2a). TGase protein expression was significantly higher (p < 0.05) in cells treated 273 
with 1.0% LFP 1 compared with the control cells (Fig. 3). The increases in INV gene expression and 274 
TGase gene and protein expression suggest that treatment with LFP for 7 days transitioned 275 
proliferation to differentiation, eventually increasing expression of differentiation factors near the 276 
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granular layer. TGase has been reported to be partially degraded by intracellular calcium-dependent 277 
proteases (CAPNs), increasing its sensitivity to activation by calcium, which is required for catalytic 278 
reactions [38]. Thus, it is possible that the LFP-induced increase in CAPN1 expression activated TGase, 279 
resulting in enhanced cell differentiation and improved barrier function. 280 
Transepidermal water loss (TEWL) was measured after treating a three-dimensional cultured human 281 
epidermis model with LFPs. TEWL is a well-established index of skin barrier function [39, 40], and 282 
improved skin barrier function correlates with lower TEWL. Stratum corneum lipids such as Chol and 283 
Cer are important for maintaining this barrier. The loss of some or all of these lipid components 284 
destroys the lamellar structure between stratum corneum cells. As a result, water molecules can 285 
move freely between stratum corneum cells, and the TEWL increases. We found that the TEWL was 286 
significantly lower in tissue treated with 1.0% LFP compared with the control tissue (p < 0.05) (Fig. 287 
1b). These results suggest that treatment with 1.0% LFP improves epidermal barrier function. It is 288 
known that the conductance of the stratum corneum is related to the water content of the stratum 289 
corneum [41]. In the present study, the conductance of the stratum corneum was improved 290 
following the application of LFP to the three-dimensional cultured skin. This suggests that LFP 291 
increased the water content of the stratum corneum. Furthermore, the amount of Chol was 292 
significantly higher in the tissues treated with 0.1% or 1.0% LFP, and the amount of free fatty acid 293 
was significantly higher in the tissue treated with 1.0% LFP. Cer [NS], Cer [AS], and Cer [AP] were 294 
present in significantly higher amounts in the tissue treated with 1.0% LFP (Fig. 4 and 5). These 295 
results suggest that LFP enhanced epidermal differentiation, increased the lipid content of the 296 
stratum corneum, and resulted in improved skin barrier function.  297 
Because LFPs appeared to promote differentiation, we expected the amount of amino acids present 298 
in the epidermis to change, and therefore assessed the amount of amino acids present in three-299 
dimensional cultured human epidermis. The amino acids present in the greatest amounts in the 300 
stratum corneum are Ser, Gly, Arg, and Ala [42]. Therefore, in this study we assessed these four 301 
amino acids as indicators of NMF. Glutamate (Glu), a precursor of PCA, and His, a precursor of 302 
transurocanic acid, were also measured using the same method. We found that the Ser, Gly, and Ala 303 
contents of tissues treated with LFPs did not change compared with the control group. In contrast, 304 
His was present in significantly greater amounts in the tissues treated with 0.01% or 0.1% LFP. The 305 
Arg content also increased significantly in an LFP concentration–dependent manner. Arg and 306 
ornithine (Orn), a major component of NMF [42], is metabolized from Arg to Orn by arginase, and the 307 
presence of this enzyme has been detected in the epidermis [43]. Arginine has been reported to be 308 
the major amino acid component of NMF [44] and in the synthesis of urea [45]. Therefore, we 309 
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hypothesize that arginine is likely important for improving the water retention of the stratum 310 
corneum. 311 
Because the amount of Arg, an amino acid that is important for skin water retention, increased, we 312 
investigated the expression of genes related to the production of this amino acid.  313 
ProFLG expression was significantly higher (p < 0.05) in the tissues treated with LFPs for 72 hours 314 
compared with the control tissue (Fig. 2b). These results suggest that treatment with LFP enhanced 315 
epidermal differentiation and increased the amount of Arg.  316 
Finally, the bound water content was measured in the stratum corneum. The water content of the 317 
untreated group was approximately 30%. Takenouchi et al. reported that the water content in the 318 
stratum corneum is about 32.7%, which was similar to our results [29]. The increase in the bound 319 
water content after the application of LFPs may be due to increases in ceramides and amino acids. 320 
Taken together, our results suggest that treatment with LFP promotes differentiation and increases 321 
the intercellular free fatty acid, Chol, Cer [NS], Cer [AS], and Cer [AP] contents. These changes are 322 
likely to lead to improved skin barrier function and water retention by increasing the amount of Arg 323 






This study did not involve human subjects or experimental animals, and as such did not require 328 
ethical approval. 329 
 330 
Disclosure	Statement 331 
The authors have no conflicts of interest to declare. 332 
 333 
Funding	Sources 334 
This study was funded in part by a grant from Koei Science Laboratory Co., Ltd. to Yoshihiro 335 
Tokudome. Tsuyoshi Tamane in an employee of Koei Science Laboratory Co., Ltd. and a research 336 
associate at Josai University. This work was also supported by research grants from Josai University 337 
(to Moe Otsuka, Tsuyoshi Tamane, and Yoshihiro Tokudome). 338 
 339 
Acknowledgment	340 
We thank Emily Crow, PhD, from Edanz Group (https://en-author-services.edanzgroup.com/) for 341 
editing a draft of this manuscript. 342 
	343 
Author	Contributions 344 
Substantial contributions to the conception or design of the work; or the acquisition, analysis, or 345 
interpretation of data for the work: Moe Otsuka, Tsuyoshi Tamane, Yoshihiro Tokudome 346 
Drafting the work or revising it critically for important intellectual content: Yoshihiro Tokudome 347 
Final approval of the version to be published: Moe Otsuka, Tsuyoshi Tamane, Yoshihiro Tokudome 348 
Agreement to be accountable for all aspects of the work in ensuring that questions related to the 349 





1 Bickenbach JR, Greer JM, Bundman DS, Rothnagel JA, Roop DR. Loricrin expression is coordinated 
with other epidermal proteins and the appearance of lipid lamellar granules in development. J Invest 
Dermatol. 1995 Mar;104(3):405-10. 
2 Madison KC, Swartzendruber DC, Wertz PW, Downing DT. Presence of intact intercellular lipid 
lamellae in the upper layers of the stratum corneum. J Invest Dermatol. 1987 Jun;88(6):714-8. 
3 Monger DJ, Williams ML, Feingold KR, Brown BE, Elias PM. Localization of sites of lipid biosynthesis 
in mammalian epidermis. J Lipid Res. 1988 May;29(5):603-12. 
4 Imokawa G, Abe A, Jin K, Higaki Y, Kawashima M, Hidano A. Decreased level of ceramides in 
stratum corneum of atopic dermatitis. An etiologic factor in atopic dry skin? J Invest Dermatol. 1991 
Apr;96(4):523-6. 
5 Imokawa G, Kuno H, Kawai M. Stratum corneum lipids serve as a bound-water modulator. J Invest 
Dermatol. 1991 Jun;96(6):845-51. 
6 Imokawa G, Hattori M. A possible function of structural lipids in the water-holding properties of the 
stratum corneum. J Invest Dermatol. 1985 Apr;84(4):282-4. 
7 Guo JW, Lin TK, Wu CH, Wei KC, Lan CC, Peng AC, et al. Human sebum extract induces barrier 
disruption and cytokine expression in murine epidermis. J Dermatol Sci. 2015 Apr;78(1):34-43. doi: 
10.1016/j.jdermsci.2015.01.010. Epub 2015 Jan 29. 
8 Rawlings AV, Scott IR, Harding CR, Bowser PA. Stratum corneum moisturization at the molecular 
level. J Invest Dermatol. 1994 Nov;103(5):731-41. 
9 Rawlings AV, Harding CR. Moisturization and skin barrier function. Dermatol Ther. 2004;17 Suppl 
1:43-8. 
10 Manabe M, Sanchez M, Sun TT, Dale BA. Interaction of filaggrin with keratin filaments during 
advanced stages of normal human epidermal differentiation and in Ichthyosis vulgaris. 
Differentiation. 1991 Sep;48(1):43-50. 
11 Kamata Y, Taniguchi A, Yamamoto M, Nomura J, Ishihara K, Takahara H, et al. Neutral cysteine 
protease bleomycin hydrolase Is essential for the breakdown of deiminated filaggrin into amino acids. 
J Biol Chem. 2009 May 8;284(19):12829-36. doi: 10.1074/jbc.M807908200. Epub 2009 Mar 13. 
12 Bow JR, Sonoki Y, Uchiyama M, Shimizu E, Tanaka K, Dauskardt RH. Lipid loss increases stratum 
corneum stress and drying rates. Skin Pharmacol Physiol. 2020;33(4):180-188.  doi: 
10.1159/000507456.  Epub 2020 Sep 3. 
13 Choi HK, Cho YH, Lee EO, Kim JW, Park CS. Phytosphingosine enhances moisture level in human 
skin barrier through stimulation of the filaggrin biosynthesis and degradation leading to NMF 
formation. Arch Dermatol Res. 2017 Dec;309(10):795-803.  doi: 10.1007/s00403-017-1782-8. Epub 
2017 Sep 21. 
14 Thyssen JP, Jakasa I, Riethmüller C, Schön MP, Braun A, Haftek M, et al., Filaggrin expression and 
processing deficiencies impair corneocyte surface texture and stiffness in mice. J Invest Dermatol. 
2020 Mar;140(3):615-623.e5.  doi: 10.1016/j.jid.2019.07.716.  Epub 2019 Aug 31. 
15 Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A human gut microbial gene 




16 Ley RE, Peterson DA, Gordon JI, Ecological and evolutionary forces shaping microbial diversity in 
the human intestine. Cell. 2006 Feb 24;124(4):837-48. 
17 Peterson CT, Sharma V, Elmén L, Peterson SN. Immune homeostasis, dysbiosis and therapeutic 
modulation of the gut microbiota. Clin Exp Immunol. 2015 Mar;179(3):363-77. doi: 
10.1111/cei.12474. 
18 La Fata G, Weber P, Mohajeri MH. Probiotics and the gut immune system: Indirect regulation. 
probiotics antimicrob proteins. 2018 Mar;10(1):11-21. doi: 10.1007/s12602-017-9322-6. 
19 Martín R, Miquel S, Ulmer J, Kechaou N, Langella P, G Luis G, et al. Role of commensal and 
probiotic bacteria in human health: a focus on inflammatory bowel disease. Microb Cell Fact. 2013 
Jul 23;12:71.  doi: 10.1186/1475-2859-12-71. 
20 Maguire M, Maguire G. The role of microbiota, and probiotics and prebiotics in skin health. Arch 
Dermatol Res. 2017 Aug;309(6):411-421. doi: 10.1007/s00403-017-1750-3. Epub 2017 Jun 19. 
21 Roudsari MR, Karimi R, Sohrabvandi S, Mortazavian AM. Health effects of probiotics on the skin. 
Crit Rev Food Sci Nutr. 2015;55(9):1219-40. doi: 10.1080/10408398.2012.680078. 
22 Tokudome Y. Influence of oral administration of lactic acid bacteria metabolites on skin barrier 
function and water content in a murine model of atopic dermatitis. Nutrients. 2018 Dec 1;10(12). pii: 
E1858. doi: 10.3390/nu10121858. 
23 Yokota M, Tokudome Y. The Effect of Glycation on Epidermal Lipid Content, Its Metabolism and 
Change in Barrier Function. Skin Pharmacol Physiol. 2016 29(5):231-242.  doi: 10.1159/000448121.  
Epub 2016 Aug 23. 
24 Yokota M, Masaki H, Okano Y, Tokudome Y. Effect of glycation focusing on the process of 
epidermal lipid synthesis in a reconstructed skin model and membrane fluidity of stratum corneum 
lipids. Dermatoendocrinol. 2017 Oct 4; 9(1): e1338992. doi: 10.1080/19381980.2017.1338992. 
25 Cau L, Pendaries V, Lhuillier E, Thompson PR, Serre G, Takahara H, Méchin MC, Simon M. Lowering 
relative humidity level increases epidermal protein deimination and drives human filaggrin 
breakdown. J Dermatol Sci. 2017 May; 86 (2): 106-113. doi: 10.1016/j.jdermsci.2017.02.280.  Epub 
2017 Feb 20. 
26 Tokudome Y, Endo M, Hashimoto F. Application of glucosylceramide-based liposomes increased 
the ceramide content in a three-dimensional cultured skin epidermis. Skin Pharmacol Physiol. 
2014;27(1):18-24.  doi: 10.1159/000351350.  Epub 2013 Jul 24. 
27 Ohta A, Mayo MC, Kramer N, Lands WE. Rapid analysis of fatty acids in plasma lipids. Lipids. 1990 
Nov;25(11):742-7.  doi: 10.1007/BF02544044. 
28 Bui Q, Sherma J, Hines JK. Using high performance thin layer chromatography-densitometry to 
study the influence of the prion [RNQ+] and its determinant prion protein rnq1 on yeast lipid profiles. 
Separations. 2018 Mar;5(1):6.  doi: 10.3390/separations5010006.  Epub 2018 Jan 16. 
29 Takenouchi M, Suzuki H, Tagami H. Hydration characteristics of pathologic stratum corneum--
evaluation of bound water. J Invest Dermatol. 1986 Nov;87(5):574-6.  doi: 10.1111/1523-
1747.ep12455817. 
30 Tang R, Samouillan V, Dandurand J, Lacabanne C, , Lacoste-Ferre M-H, Bogdanowicz P, et al. 
Identification of ageing biomarkers in human dermis biopsies by thermal analysis (DSC) combined 
with Fourier transform infrared spectroscopy (FTIR/ATR). Skin Res Technol. 2017 Nov;23(4):573-580.  
doi: 10.1111/srt.12373.  Epub 2017 May 17. 




32 Blanpain C, Fuchs E. Epidermal homeostasis: a balancing act of stem cells in the skin. Nat Rev Mol 
Cell Biol. 2009 Mar;10(3):207-17. doi: 10.1038/nrm2636. Epub 2009 Feb 11. 
33 Roop DR, Krieg TM, Mehrel T, Cheng CK, Yuspa SH. Transcriptional control of high molecular 
weight keratin gene expression in multistage mouse skin carcinogenesis. Cancer Res. 1988 Jun 
1;48(11):3245-52. 
34 Yuspa SH, Kilkenny AE, Steinert PM, Roop DR. Expression of murine epidermal differentiation 
markers is tightly regulated by restricted extracellular calcium concentrations in vitro. J Cell Biol. 
1989 Sep;109(3):1207-17. 
35 Bikle DD, Ng D, Tu CL, Oda Y, Xie Z. Calcium- and vitamin D-regulated keratinocyte differentiation. 
Mol Cell Endocrinol. 2001 May 25;177(1-2):161-71. 
36 Hohl D, Lichti U, Breitkreutz D, Steinert PM, Roop DR. Transcription of the human loricrin gene in 
vitro is induced by calcium and cell density and suppressed by retinoic acid. J Invest Dermatol. 1991 
Apr;96(4):414-8. 
37 Proksch E, Brandner JM, Jensen JM. The skin: an indispensable barrier. Exp Dermatol. 2008 
Dec;17(12):1063-72. 
38 Hitomi K, Yamagiwa Y, Ikura K, Yamanishi K, Maki M. Characterization of human recombinant 
transglutaminase 1 purified from banculovirus-infected insect cells. Biosci Biotechnol Biochem. 2000 
Oct;64(10):2128-37. 
39 Fluhr JW, Feingold KR, Elias PM. Transepidermal water loss reflects permeability barrier status: 
validation in human and rodent in vivo and ex vivo models. Exp Dermatol. 2006 Jul;15(7):483-92. 
40 Rubio L, Alonso C, Lopez O, Rodriguez G, Coderch L, Notario J, et al. Barrier function of intact and 
impaired skin: percutaneous penetration of caffeine and salicylic acid. Int J Dermatol. 2011 
Jul;50(7):881-9. doi: 10.1111/j.1365-4632.2010.04819.x. 
41 Obata M, Tagami H. Electrical determination of water content and concentration profile in a 
simulation model of in vivo stratum corneum. J Invest Dermatol. 1989 Jun;92(6):854-9. doi: 
10.1111/1523-1747.ep12696875. 
42 Caspers PJ, Lucassen GW, Carter EA, Bruining HA, Puppels GJ. In vivo confocal raman 
microspectroscopy of the skin: noninvasive determination of molecular concentration profiles. J 
Invest Dermatol. 2001 Mar;116(3):434-42. 
43 Crounse RG, Rothberg S. Evaluation of the enzymes of the Krebs-Henseleit cycle in human 
epidermis. J Invest Dermatol. 1961 Apr;36:287-92. 
44 Horii I, Kawasaki K, Koyama J, Nakayama Y, Nakajima K, Okazaki K, Seiji M. Histidine-rich protein as 
a possible origin of free amino acids of stratum corneum. J Dermatol. 1983 Feb;10(1):25-33. doi: 
10.1111/j.1346-8138.1983.tb01101.x. 
45 Wohlrab J, Siemes C, Marsch WC.Wohlrab J. The Influence of L-arginine on the regulation of 





Fig.1. Effect of lactic fermentation products on (a) cell viability and (b) TEWL, c) Conductance in a 
three-dimensional cultured human epidermis model. Value are the mean ± S.D. of n = 3 replicates, 
*p < 0.05, Dunnett’s test (versus control). 
 
Fig. 2. Effect of lactic fermentation products on the expression of genes related to differentiation in 
a three-dimensional cultured human epidermis model (a) and the expression of genes related to 
amino acid production in normal human epidermal keratinocytes (b). Values are the mean ± S.D. of n 
= 3 replicates, *p < 0.05, **p < 0.01, Dunnett’s test (versus control). 
 
Fig. 3. Effect of lactic fermentation products on TGase protein expression in a three-dimensional 
cultured human epidermis model. Protein expression levels were determined by western blotting.  
TGase and β-actin western blot bands (a) and TGase/β-actin expression (b). Values are the mean ± 
S.D. of n = 3 replicates, *p < 0.05, Dunnett’s test (versus control). 
 
Fig.4. HPTLC image of a LabCyte Epi-model after application of lactic fermentation products.  
Quantification of ceramide [NS], [NP], [AS] and [AP] (a), free fatty acid and cholesterol (b). 
 
Fig. 5. Changes in epidermal ceramide, free fatty acid, and cholesterol content in a three-
dimensional cultured human epidermis model. Lipid contents of a three-dimensional cultured human 
epidermis model after 7 days of treatment with lactic fermentation products, as determined by 
HPTLC. Value are the mean ± S.D. of n = 3 replicates, *p < 0.05, **p < 0.01, ***p < 0.001, Dunnett’s 
test (versus control). 
 
Fig. 6. Amino acid (Ser, Ala, Gly, Glu, Arg, and His) content of a three-dimensional cultured human 
epidermis model. Values are the mean ± S.D. of n = 3 replicates, *p < 0.05, **p < 0.01, ***p < 0.001, 
Dunnett’s test (versus control). 
 
Fig. 7. Bound water content in stratum corneum of a three-dimensional cultured human skin. Values 
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